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SUMMARY

TM report pre8ent8the re8-uLtsof7n&z$urem&lt8 of
&w in tha boumikw.y fuyer of a l/40-wafe model of the

U. S. air8hip “Akron” (c’zRs-4”) & with the

object of determining i%e bounday-hzyer thicknem, the
poiti of transition from laminm to turbulent ffow, and

the velocity distibuiion in tlw boundury luyer.

The boundary-layer thickne88 was found to VW abrq

the 19.62-foot hIUUfrom 0.08 inch at the most forward
dation, abmd 16 incha from tb na8e,’ to approximuiely

10 inchiw at the tail. A marked increase in the raie of

thickening of the lmundzry layer UXMfownd a4 the trati

tion from laminar to turbulent JIOW which oimumed &

Va
a Reynolds Number

()
~ of about 814,000, where (a)

is tlw axial dtitanm from the noge. The Vd4Wi.tY dh-
tribuiion over the greater part of tlw turbui%atportion of
th bounaby iizyerwm found to befairly d approxi-
ZWtt%iby tb 88VHlth-pOWer I?UW. l’ht? friCti.O?ld CkUJ,

computed from tha low of momentum in t?w boundary
.?uyerand &o from Clark M~ikan’8 equutiom, m in
good agreementwith the measured drag.

INTRODUCTION

Measurements in the boundary layera of strwunline
bodies have shown that the flow, similar to that over
flat plates placed edgewise to the air stream, is Iamimm
for a certain distance from the nose, then becomes
turbulent, rmd that the velocity distribution in the
laminar and turbulent portions is similar to that
deduced by Bhwius and Von I&man, respectivcily.
(References 1 and 2.)

The point of transition from laminar to turbulent
flow is of great interest in the study of the drag of
streamline bodies since its variation with Reynolds
Number and with the initial degree of turbulence in
the air stream approaching the body has been shown
by Jones (reference 3) md by Dryden and Kuethe
(reference 4) to be largely responsible for the wide
difference found in measurements of the drag of
different airship models and of the same model in
different wind tunnels. The velocity distribution and

149900-3~7

MODEL

the extent of the boundary -layer are of interest in
verifying equations, suoh as those of Clark Mill&an
(reference 5), derived to account for the skin friction
of streamline bodies in axial flow.

The subject teds, which were undertaken in con-
junction with the measurements of (1) the forces and
momemk on the hull, (2) the elevator forces and hinge
moments, and (3) the pressure distribution over the
hull and tins of a l/40-scale model of the Akron (refer:
ence 6), were made with the object of determiningg the
velocity distribution in the boundary layer, the extant
of the boundary layer, and the point of transition from
lmninar to turbulent flow. The frictional drag, as
computed from considerations of the changes of
momautum in the boundary layer and from MiUikan’s
equations, is also presented and compared to the
meamred drag.

Two advantages are offered by the large size of the
model and by the N. A. C. A. 20-foot propeller-
research tunnel in which the teds were conducted.
The first is that the boundary-layer ted apparatus
may be rigidly attached to the interior of the model,
allowing greater accuracy in the measurement of dis-
tances than is possible by the method of mounting the
apparatus separately and approaching the . model
through the wind stream from the out~de. The
second is that the tests may be made at a Reynolds
Number considerably higher than any previously
obtained in tests of a similar nature.

APPARATUS AND TESTS

The airshipmodel, shown in Figure 1 mounted in the
propeller-research wind tunnel, is of hollow wooden
construction having 36 sides over the forepmt of the
hull that faired into 24 sides near the stern. The sur-
face was given a tine sand finish, then varnished, painti
ed, and finally tinished with tine sandpaper, giving a
surface which was probably as smooth as that of a
well-doped fabric surface. The length of the model is
19.62 feet, the maximum diameter 3.32 feet, and the
fieneas ratio 5.9.

The tube and acoesao~ apparatus used in meaeur-
ing the total head in the boundary layer are shown in
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Figure 2. The apparatus was bolted to the interior
structure of the hull in a manner such that the total-
head tube shaft, which passed through a small opening
in the hull of the model, was normal to the surface.
A motor-driven screw thread governed the distance of
the total-head tube from the hull and operated, by
means of an eccentric and contactor, an electric counter
which gave this distance directly in thousandths of an
inch. The end of the total-head tube, fashioned from
a copper tube whose outside diameter was approxi-

the surface of the hull at each station at which the
measurement were made.

A small hole, drilled into the brass plate, adjacent to
the total-head tube, served as an orifice at which the
static pressure was measured. Both the total-head
tube and the static-pressure oriiice were connected to
micromsmometem in the test chamber below.

Measurements of the total head and of the static
pressure were made at 10 stations along the hull
spaced approximately 2 feet apart. The location of the

.

FIQCmEL—AlrshlpmodelAkr6nmountedin windtmml

mately 0.02 inch, was pressed into SLrectangular shape
with a depth of opening of 0.0034 inch. The wall thick-
ness was ground down to 0.0032 inch so that when the
tube was in cxmtact with the surface of the hull the
distanca from the center of the opening to the hull was
0.0049inch.

Contact between the total-head tube and the sur-
face of the hull was indicated by the Iighting of a neon
bulb which was connected in series with the total-
head tube and a brass plate set into, and flush with,

statio& is shown in Figare 3. A total-head survey, to
determine the depth of the boundary layer only, was
also made at an additional station nmr the tail of tho
model with a %-inch copper tube supported from out-
side the wind stream.

The teat procedure was to take the first reading with
the tube touching the hull and then to move away from
the huU in O.001-inch steps, taking readingweach time
out to 0.016 inch from the hull. The length of the
steps was then increased gradually until the tube
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approached the limit of the boundary layer, where the
distancb between observation points was deoreased
again, Tew%were made at three values of the dynamic
pressure (q= 12.5, 19, and 25.6 pounds per square foot)

I?lGUEE2–ArI&mtns wad formeasmfngtobdhoadfnthebmndaryla~p.-
modd Akon

corresponding to velocities of approximately 70, 86,
and 100 miles per hour, respectively.

PRECISION

The maximum departure of the observed wind-
tunnel velocity from a mean value was about +0.6
per cent. The accuracy in the outer portion of the
boundary layer was about + 1 per cent but decreased
rapidly for values in the inner portion.

A calibration of the total-head tube against a stand-
ard Prandtl-type tube showed that its readings were
about 2 per cent low over the range of speeds of these
tests. The calibration, made with increasing speeds
and again with decreasing speeds, showed no appr~
oiable time lag.

with the hull. A second error of +0.002 inch is pos-
sible because the brasa plates set into the hull at each
station may not have been exactly flush with the sur-
face. A third small error is possibl~ owing to-the fact
that the velocity computed horn the pressure at the
mouth of even a very will tube, placed in a velocity
gradient, is not necessarily the same as that at the
geometrical center of the tube. (Reference 7.)

Although these inaccuracies eliminate the possibility
of determhhg the intensity of fiction from the slope
of the velocity curve at the surface of the hull, they are
negligible in the determination of this quantity horn
the changes of momenti’ in the boundary layer and
in the determination of the boundary-layer thickness
except at the most forward position, where the layer
is Wry thin.

RESULTS AND DISCUSSION

The observed results of the measurements of the
total head, the dynamic head, and the velocity in the
boundary layer are presented in Table I. The total
head and the dynamic pressure are given in terms of the
dynamic pressure in the free h stream, the velocity
as a fraction of the velocity just outside the boundary
layer at the particular station in question. The values
for the ratio of the velocity in the boundary layer to
that just outside the boundary layer are plotted for all
of the stations in Figure 4.

The total head in the boundary layer increases with
the distance from the surface until it eventually ap-
proaches a constant value. The distance from the
hull (y) at which this occurred has been designated as
the boundary-layer thickness ~. An estimate of this
value was made by fairing the results. The total-head
values were fit plotted against the distance from the
hull and the limiting value to which the curve tended
was determined. The value of y at which the total
head became equal to this limiting value was then
determined for each station and plotted against the

‘-15.5~ 2EL5& —52 73”— —74. Z3”- –94235 – I 19.60”— -13R9S2 –159.92-- –162z3”- –20442”- —232.2~—
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Limit of bowdory layer
F1aum 3.—Locattonof statfcmaat whfob bonndary40garmRWuremenb3Wwe made—ahblp mcdd Akron

The relative distancw y of the total-head tube horn
the hull are czmsidered in general as accurate as the
screw which governed this distance. The absoluti
distance, however, may be in error as much as +0.001
inch because the electrical system was not sensitive
enough to indicate exactly when the tube made contact

distancealong the axis. Since there appiwred to be
no consistent difference in the thickness for the three
speeds a mean value was determined for each station.
These values are plotted in Figure 4. The boundary-
Iayer thioknsas varies along the 19.62-foot hull from
0.08 inch at the most forward station to approximately
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10 inches at the extreme tail. - The variation is approx-
imately linear over about 60 per cent of the length, but
increases very rapidly over the after portion of the hull
as the cross section of the hull decreases.

A sudden increase in the boundary-layer thiclmwa
was found to occur between stations O and 1. h
experiments on flat plates such an increase in thick-
ness was found to occur in the region of transition
from Iaminar to turbulent flow. (References 8 and 9.)
Previous experiments on airship forms, however, have
not shown this phenomenon. (References 1 and 2.)
Further evidence of a transition is shown by the plot
of the curves of velocity &ribution in Figure 5.

The curve for the low speed falls closer to the lamirmr
curve the+ the one for the high speed. The Reydds

Number ‘a
(

~=814jO00, where V is the free-&am

velocity &d a is the axhd distamce from the nose)
for this position at we low speed is in agreement with
the results of Ower and Hutton who found a transi-
tion to occur between values of 570,000 and 940,000.
(Reference 2.)

The valuea of u/~d are shown in Figure 6 plotted on
logarithmic paper against values of y/6 for 6 stations.
The points fall on a slightly sinuous curve which may
be fairly well approximated by a straight line, that is,

o .40 .&u /..20 1.60 2.40 2.80 3.20 3.60 4.09 4.40 4.80
DLSfoncez%om hull (yJ, inches

FIGURE4.-VddW dkMbution in th bmndam IFIYEIand boundaw%yw tblcdme.malongthe hdl+dmh! p mwlol Akron

The curves for all of~the stations, with-the exception
of the most forward position (station O) approximate
the form which is characteristic of turbulent flow.
Curves for both the high and low speeds have been
plotted for position O. The rwuh%for the intermediate
speed which are practically the same as those for the
high speed are not shorn. These CUIWW r=-ble

more closely that typical of laminaz flow, the approxi-
mate form of which is also shown. The form of these
curves and the fact that the curves for the two speeds
do not agree indicates that the flow at this position is
not strictly laminar but has already started to change.

by an equation of the form u/us= (y/6)11”’ except
for that portion of the curve for which the tube was
very close to the hull. The values of n vary from
6.4 at station 1 to 7.2 at station 5 and decrease again
to 6.2 at station 9. For the stations 4 to 8, inclusive,
the value of n is approximately 7. This region cor-
rwpoyds to that of low curvature of the hull and of
low static-prmure gradient in the tunnel. A small

increase in the value of n was observed with an increase
in velocity.

The average values of the statiiopressure measured
at the various stations are plotted in Figure 7 and
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compared to the average pressures about the hull
determined by presmwdistribution teste (results
not yet published); The two sets of values are in
good agreement except in the critical region at station

o .10 .20 .30 .47 .50 .60 .70 .80 .90 LOO
y/6

FlounE 6.–Vekl& dfshibntton for Iamfnmandtmbnknt portfonsofbonndfoy
layeI-afl-sMpmodel*

O. The values plotted are the pressures measured
with reference to the static pressurein the test chamber
and have not been corrected for the ttiel walls or

9
$

y/6

FIOIIBEe.–hgarfthmlo plotof velod@ dfshibuti~p modelti

the variation of the static pressure along the axis of
the air stream. This variation is given in the follow-
ing table.

ESTIMATION OF SURFACE FRICTION FROM MOMEN-
TUM IN THE BOUNDARY LAYER

A consideration of the changes in momentum of the
iir in the boundary layer as it flows around the aimbip
mll allows the .mr&e fiction to be evaluated. The
]quation for tbe frictional intensi~ is

where j—fictional intensi .
TH—total head in the oundary layer.

H~to&l head just outside bound
?

layer.
qa-dynr@c pressure outiide boun ary layer.
q-dynamc ressure inside boundary layer.
To {—radius of UK
r=ro+y Cosa.
einclination of hull to the axis.
y-distance normal to hull.
z-distance along surface measured horn nose.

I’he method of derivation of this equation is similar to-
that used by Von Karmm (reference 10, see also refer-

1.0

.8 -

.2 II I I

f! I I

1’%1 I I I In I I
I I I $

-.2A , , I I I I I I I I I I I I II
40 80 la 180 200 240

Distwtce from nose, inti
—

Fmti 7,—Aveiwe~ alxmthull ham ~ dfsb-fbntfontWs wm-
pm’tdto Statiopmsrmamws?uwdalongoneIongftndfnalfn bowdwy+i~
tats-afmhfp model.4kmn

mce 4) for the 2-dimensional case and has therefore
been omitted. The form of the equation given above
(suggested by ha H. Abbott of this laboratory) is
more convenient for the numerical computations than
the ah%rnataform for ttis equation derived by C?lar~
Millikan (reference 5) in a different manna. It
should be noted that, in the derivation of the equation
given above, the assumption has been made that the
pressure at any point in the boundary layer, for wy
given section, is the same as the pressure measured at
the surface of the hull at that section.

The results of the two integrations, determined
graphically for each station, me plotted in Figure 8
against the distance x and the resulting curves are
designated A and B. These curves am differentiated
graphically and the equation solved for the frictional
intensity (f/go) amd for the frictional drag per foot

(2n-rojcoa ~
run of surface —

)
. These values and the

flo ..
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velocity coefficients (w/V) for the different stations are
also shown in Figure 8. The frictional inteneity is a
maximum at about 2 feet from the nose of the hull.
A second smaller maximum occurs on the after portion
of the hull about 14 feet from the nose. Because of the
scattering of the test points on the after portion of the
hull, however, the shape of the curve in this region is
not at all certain.

.2L

1.10 .Ih

&OO .16
9

.90 14

.12

~ ,0.
~

g

~
-.08
~

.06

.04

.02

0

taneously. This is the reason for the discontinuity
in curve D near the nose of the model.

The hictional force on any small element of surface
area may be divided into two components normal and
parallel, respectively, to the hull axis. The integrated
components parallel to the axis constitm% the fric-
tional drag and enter directly into the forces measured
on the wind-tunnel balances. The components of

J
I

x (ft.)= Dkfance from nose almg sudxe

Fmwmz&—Frictionaldragdetei-minwlfromlassof momentanrin the bormdfuy@m—okhl p modolArm

Because of the lack of experimental data over the the forces normal to the axis have equal and opposite
nose of the hull, the portion of curve D corresponding components on the opposite sides of the hull, at the
to the larninar flow over the nose was computed bm same section, and consequently the integrated resultant
Clark Milli.kan’s equations which are discussed later of these forces is zero. However, tice these frictional
in this report and, as it is not known how the transition forces represent a loss of energy in the air stream, they
aotually takes place, it waa assumed to occur instan- must give rise to a pressure drag. Pressure-distribu-
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tion tests have shown that the measured drag on the
present model is so small as to be negligible.

The following table gives a comparison of the in-
tegrated hictiomil drag and the measured drag for
the three speeds t&ed. The values listed are the
usual coefficients based on the volume to the two-
thirds power.

Dynamio pressure of
free stream, g-------- 12.5 19.0 25.6

Integrated frictional

drng, c,---------- .0219 .0214 .0207

Measured drag (from
force teats), C,------ .0198 .0193 .0190

COMPUTATION OF FRICTIONAL DRAG BY MILLIEAN’S
EQUATIONS

For the derivation and discussion of the equations
used in the following computations the reader is
referred to reference 5. In these equations for the
boundary-layer thickness and the frictional drag of
laminar and turbulent portions of the boundary layer
the velocity distribution was assumed to be of the
form

‘I”’=a+b(o+cw
for the laniimu flow, where a, b, and c were constants
determined by the conditions at the boundaries, and
the equation

wns assumed to hold for the turbulent portion. The
first assumption, about which the data of the subject
tests do not give any definite information, is of second-
ary interest for Reynolds Numbers equal to or greater
than those of the present tests because of the fact that
only a small portion of the boundary layer is laminar.
The second assumption, as far as the present tests are
concerned, has been shown to be in fair agreement
with the experimental results.

The equationa for the lmninar flow are:

I.@1
boundru-y-layer Reynolds Number Ral=7=

@R’pWM($ }

(1)

The frictional-dreg coefficient for laminar flow is—

J“JL?“2 a
—@ (2)

0“”4% i% “ M ~)

(

where a-distance from nose measured along the ask.
L-1ength of model.

R—Reymol& Number ~L”

~~thicknem of laminar boundary layer.
V—velocity of free air strew.
a.—critical value of a at the transition point.

Vol—volume of airship hull.
B-Cos cr.
a-inclination of hull to axis.

14 :56

12 .48

10 .40
Rwf-&

8 .32
RH~

6 .24

ti4
.18

2 .08

0 .1 .2 .3 .4 .5 .6 .7 .8 .9 LOO

FIGURE9.—Oontibntlonof Ifonbmrandturbulentportionsof boundargInyerto
frictionaldrag (M3Mkm’s equaUoru)-ahshIpmodelAkran

For turbulent flow: The boundary-layer thickness

Ua&and boundary-layer Reynolds Number Ratu y

(v)“‘6 ‘$)=0.370lw ~
where

(3)

The friction&drag coefficient for turbulent flow is—

RI, m~wd(i) ‘5)
0.3625 L2c,,”—

where 8~= turbulent boundary-layer thickness and sub-
script c indicatea critical value at transition point.

The total frictiomd-drag coefficient then equrds—

c, n G + c,,

Inorder to simplify the computations it has been
assumed that the transition was instwn%neous and
that the flow behind the transition acted just as though
the entire boundary had been turbulent from the nose
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of the hull. The result of this assumption is that the
second term in equation (4) disappea&, leaving iV as a

(L)
function of one variable ~ instead of two. The data

used in these computations are given in the following
table.

@&
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The valuea of boundtuy-layer thiclmess computed
from equations (1) and (3) are compared to the ex-
perimental values in Figure 4. The computed value
for position Ois seen to be lower than the experimental
value. This d.Merencemay, possibly, be acccmnted for
by the fact, previously mentioned, that the flow at
this position was not entirely kuninar and the boundary
had already begun to thicken. II the thiclmess is
computed using the equation—

J
8=5.5 E

u~
which is used to deiine the boundary for 2-dimensional
Iaminar flow, a value is obtained (6=0.083 inch) which
is in very good agreement with the experimental
value. The values for the turbulent flow are in good
agreement over the hull except near the tail where
both the theoretical and the experimental results are
less accurata The boundary was also computed for
the turbulent flow by use of the equation—

()
15

a=o.37(z–zo)4/5: I

where ZOd.imkmce,along the Surfati, from the nose
to the point of transition. This is an extension (Zijnen,
reference 8) of I?randtl’s equation for flat plates. These
valuea (fig. 4) are in close agreement with the experi-
mental valuea up to 60 per cent of the length of the
hull. Over the after portion of the hull, however, the
computed valuea are much too low.

.The contributions of the laminar and h.irbulent flow
to the frictional drag R%70Z snd R%C,, were com-
puted from equations (2) and (5), respectively, and
are shown in Figure 9 plotted against the ratio a/L.

COMMITTEE FOR AERONAIJTTCS

By assuming a value of R8Zat which the transition
takes place, values of a/L, R%?,l, and l?%C,t may be
taken from the curves and the frictional drag of the
model computed for any range of the Reynolds
Number, R. The transition curve for the Akron
model was computed in this way, assuming a value of
R~,= 3,620 comesponding to the experimentally deter-
mined value of a/L= 0.07 for the critical point at
which the laminar flow breaks down. This curve and
the curves for the limiting casea where the flow is
eiitirely laminar and entirely turbulent are shown in
Figure 10 compared to the measured drag of the model.
For-the limiting cases the equations 0.1= 10.96R-%nd
C,,= 0.554 R-?, obtained by resuming critical values

ac
~ O, respectively, were used. Theof~e-l and-=

L
PVL

abscissas here are not R = —
but R pv(vol)~

v-P P
since most of the experimental results are given in
terms of the latter quantity. The computed transition
curve is seen to be in very good agreement with the
messured results. The fact that they are almost in
exact agreement is probably fortuitous.

The results of drag measurements in t~e variable-
densi~ tunnel on two models of the Akron are also
shown in Figure 10. The wooden model, l/200-scale,
of polygonal cross section was similar to the model
used for the subject tests. (See reference 11.) The
second model, for which the results have not yet been
published, was of circular cross section, metal, and
l/250-scale.

& previously mentioned in this discussion, the
theoretical equations used in the above computations
were based on the assumption that the velocity
distribution, for the turbulent boundary layer, is
approximated by the seventh-power law. Although
this has been shown to be true for the present model
tests, there are no experimental data avsilable to sho}v
that it is true for the Reynolds Number of the fuU-
scale &hip. If it could be shown that the velocity
distribution in the latter case was approximated by a
simple power law, the above theoretical equations, or
similarones, would offer a reliable method of predicting
the drag of full-scale airahip hulls. It is therefore
recommended that this research be extended to include
boundmy-layer tests, similar in nature to those of
the present tests, on the full-scale airship.

CONCLUSIONS

1. The boundm-y-layer thiclmess was found to vary
aIong the 19.62-foot hull from 0.08 inch at the most ,
forward station to about 10 inches at the tail.

2. A transition, evidenced by a marked increme in
the rate of thickening of the boundary layer and by o
change b the character of the velocity dktribution was
found to occur about 15 inches from the nose of the
huu.
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3. The velocity distribution was found to be ap-
proximated fairly well by an equation of the form
UIW= (y/3)’” where n is approximately 7 over the
central portion of the hull but decreases to 6.4 and 6.2
near the forward and after extremities, respectively.

4, The frictional drag computed from the 10SSof
momentum in the boundary layer and from Clark

8. Jones, B. M.: Skin Friotion and the Drag of Streamhn‘e
Bodies. R.& M. No. 1199,British A. IL C., 1928.

4. Dryden, H. L., and Kuethe, A. M.: EHeot of Turbulence in

Wind-Tunnel Me+wmrnenta. T. R. No. 342, N. A. C. A.,
1930.

5. MiIUkan, Clark B.: The Boundary Layer and Skin Friotion

for a Figure of Revolution. A. S. M. E., Trans. Vol.

54, No. 2, 1932.

Vfvol.p
Reynolds Number = ~

FIOIJ8E10.-Oma* of mmputedfrictionaldrag @IllMm’s equations)and cqwrimentalremits—akWp modelA&on

Millikan’s equations was in good agreement with
experimental results.

LANGLEY MEMORIAL AERONAUTICAL LABORATORY,

NATIONAL ADVISORY COAtMI~En FOR AERONAUTICS,

LANGLEY FIELD, VA., April 27, 19S2.
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of a Submerged Plate. T. M. No. 585, N. A. C. A., 1930.

10. Von Karman, Theodore: Uber Laminare bd lhrbulente
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TABLE I

BOUNDARY-LAYER DATA FOR MODEL OF U. S. S. “AKRON”

STATION O

a/L-o.w

J-o.am im?h

Avawe g.u%.6 Ib.lsq.[L II g.-lsl.o Ib./sq. It II u.-126 lb./e.q. ft.

H I 1iii 9. 1%iiiI% ~
to

Clg

.349

.3E3

.3W

.4ZJ

.471

:E
.hmi
.m
.m
.W1
.nb
. w
.911
.070
.W9

:%
.Wa

:. g

H
z

~~

:E
.13s
. 15s
.’m
.214
.242

:E
.366
.46s
.@m
.743

%!
LC@o

k%’
L@$3
LU36
LW

b% 1
~.

ala
.146
. 16s
. 17B
.235
.!289
.237
.344

:2
.444
. m
.633
.7”33
.m

i%
L 076
L 076
L 076

%
L 074
L 074

1
9*

a 113
.104
.131
.137
. m
.185
.236

%
.m
.Sa
.413
.ms

:%

i%!
L 070
L Ml
L067
LW
LW
L073

——

M& Ulw
.140

. m .168
. Km

:Z .233
. ml .!2?4
.2h8 .SM

.347
% .283
.3@2

:%
xl .62s
.6M .643
.Tn . 7C6
.932

i%
:E
Lo41 k%
L041
LOll ?E
L 045 L@4
LW Lo17

Us&

:%i

:%%
.011
.012
.013
.014
.015
.017
.021
.023
.035
.Om
. cm
.105
.131
. I&s
.lm
.nn

U3-59
.3-XI
.224
.421
.4M
.496
.s32
.62s
. 6s1
.617

, :&6

.m

.343

.961

i~
LW
LW

kg
1.aQ

am

:E%
.Cu9
.m
.010
.011
.012
.013
.014
.015
.017
.m
.026
.m
.IE.3
.W?l

%
.131
. m
.m
.2.M
.X).5

0.076
.CKc3
.110
.137
.174

..2M
. 24s
.232
.314
.W4

:%!
.644
.C234
.&m
.821

L026

:%
LO16
L044
L@4
L040
L@19

am
.367
. S95
.407
.446
.407
.626
.M3
. S76
.614
.641
.Ew
.744
.82s

M
.691
.Wa

:;
L~

i~
.m

STATION 1

4L-O.121

a-02J5 blch

UiJ

.234

.323.

.376

.3.M

.4W

.427
Ag

.473

.4!M

.622

.6s2

.559

.7’91

.E3s

i%?
L ISI
L 172
L~
LIKd
LIM
L 1~
L 167
L 1S3

a442
.433

:%
.bs2
.Sea
. 6s1
.ez3
.&m
.61.5
..5s0

:%
.W7
.741
.7N
.W
.s97
.923
.979

:$%
.%W
.Ras
.996
.926
.W4

Ly6J 0.217
.25.5

.136 .273

.lm .322

.Z.s .Ud

.252 .391

.276 .407

.292 .419

.W1 .434

.813 .445

.3aI .4s2.

.832 .4.95

.37U .4!2s
.629

% .671
.s22
.62J :%
.m .813
.769 .3$6
.631
.EM iE
.839 LW
.%7 L lB

1.012 L 140
LOIS L la
L043 L 172

LIW
;E L In
L~ L IW
L@51 L 167

Cm&

.Im7

.m

.m

.010

.011

.012

.013

.014

.015

.018

%?
.036

%%
.105
. KM
.162
. m
.!ZM
.!m
.2s5
.m

:%
.m
.5)s
.765

CM&

.U44

.174

.216

:%!
.237
.293
.310
.3X
.34s
.2.55

:E
.mo
.614
.70s
.761
.m
.s36
.051

iE
LM
L~
LW

i=
LM

aces
.W
. m7
X&

.010

.011

.012

.013

.016
..017

.Om

%J

.m

.10.5

.M3

.!235

.2s3

.2MI

.3J2S

.830

.363

.405

.M5

.753

0. m3
. m
. m
.Ifr3
.243

:%
.297

:E
.343
.Wil
.392
.44s
.52%

%
.E34

i~
L040
L@51

2%%
L~
L~
LW

am
.In3
.0)7
.Lm

: Wo
.011
.012
.013
.014
.015
.017
.CrM

%$

:%$
. m
. m
. 16s
.Im
.2U5
. m
.25s
.m
.3M
.3M

:%
.765

0.42CI
.44
.491
.&is
.647
.674
.s%
.%

:%!
.619
.627
.6W
.ee$
.664
.742
.Em
. m
.s69

:E
.Q52
.0s$
.m
.s39

iE
.W7
.693
. m

o. m

:2$3
:E
.378
.394
.40a
.423
.439
.463
.474
. 4m
.62s
.677
.W
.746
.m
.391
.970

Ml
LlZ3
L 146
L 162
L 1S6
L l=
L 131
L lM
L 161

a 417
.436
.473
.603
.L’i41
.655
.576
.657
.SM
.131M
.624
.634
.643
.6M

:%!
.7W
.840
.88.5
.911
.629
.96s
.974
. m

iE
L~
L~
.893
.6W

-

STATION 2

c/L-0.ZM

J-o.lm hlch

0.140
.142
. lm
. 21s
.252
.237
.3m
.324
.331
.M1
.362
.3?4
.4M
.442
.510
.f.w
.624
.664
.6QS

0.035
.W3
.m
.W3
.009
.010
.011
.012
.013
.014
.018
.017
.Om

%
.as3
.C@l
-w
.Li5

am
. W.1
.094
.137
.172
.!m
.m

:=

:Z
.272

:%!
.346
.416
.469
.617
.EQ9

Q 164
.174
.!m
.248
.234
,317
. 31s
.W
.353

%
.3$3
.33s
. 41i
.4M

:%
.m5
.716

a 375
.3$9
.425
.461
.&
. m
.624
.6U
.M4
.6M
.W4
.576
.5s2
. E37

%
.7W
.736
.7W

0.025
.ms
.M17
.Ws
.ma
.010
. Ou
.012
.013
.014
- Ola
.017
.Om
.G25
.039
.m
.m
.103
.130

0.040
.0L9
.033
. m
.149
. m
.210
.223
.227
.240
.2.51
.m
.231
.W5
.349
.X0
.462
.bua
.s44

o. 1E3
. m
. m
.219
. ml
.m
.3X
.347
.333
.362
.362
.274
.W4
.U4
.4LW
.6M
.675
.E.z5
.&n

0.280
.W1
. ml
.431
.470
.491
. 5B
.b44
.637

:%
.ml
.m
.693
.624
.659
.m
.i30
.740

O.cos
.Cm
.m
.m
.W9
.010
.012
.013
.014
.016
.017
.Cm
.023
.C@_5
.066
. 0s1
.109
.131
. 16s

o. Ca9
.CEJ1
.CkM
.10.5
.140
.176
.Ia6
.212
.220
.230
.2EJ
.2n
. ml
.323
.W3
.466
.510
.549
. 6s1

0.346

%!
.m
.464
.495
.513
.627
.623
.340
..557
..576
.69.5
.616
.W1
.W3
.731
.766
.776
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TABLE I—Continued

STATION .2-C! ontiiued

,, 1,
I Avyam,o-W3,bJsq.k II 1,-19.O lb./’uq. ft.

II
q.=12A lbJaq. ft.

I

Ing& ~
!l.

o. m
.947

L@15
L W
Ll12
L 148
L lW
L I@
L 167
L 162

0.Im
.169
.m

:%
.202
.270
.257
.2JM
. WI
.311
:%

.3s8

.?2.9

:%

:%
.672
.823

i%
L 101
L 110
L127
LDl
L127
L 146
L ml
1.062
L 024

+1— m

T
u

Ei Invti
—
O.sa a M6
:g 2&

.964 .3a5

.977 .366

.930 .4G5
.4M

i% .6M
Lwl .6&5
.m .617

.70s

1:%!ro.m
.306
.Wa
.406
.466
.Iw5
.665
.6M

iE

Lug

. 7M

. us

.864

.’W

ig
L046
LW
L w
1.m
1.069

0.700
.m
.877
.W9
.6%2

o. m
.824
.854
.M13
.915
.M%

am6

:%
.W

am
.m.&la
.864.020

0. i-n
.867
.6%
. w

L~
L097
L133
L160
L 11Y4
1.la
L lm
L 167

a 817
.&w
.891
.916
.966

H%
L 136
L 161
L 173
L 173
L 167
L 10

i ?7
L044
LOi6
LOb9
L@!7
L~
L@57

.Q13

.W2

.Sfc3

iK%
.6%3
.@% L 162

i3TATION 3

u/L-O.317
a-o.w Ill&

o. 0J5
.101
.134
.M2
.Ed
.lw

:%
.234
.22-3
.M4
.261
.274
.’290
. au
.247
.423
.470
.631
.W4
.742
&

L~
LOil
L CC57

w
L 074
L 013
.W
.962

0.00s
.m
.W7
.m
.039
; :~~

; l))

.014

.015

.017

.023

.025

.Osa

.0L5

.m

. 1(J5

.K5

.m

.306

.466

.60s

.65s

.em

.556

.70.5

.766

.W3

i%i
L~
LW

o. m
.024
.D1
.146
. ES
.216
.213
. ml
.233
.240
.244
.267
.271
.3s6
.3m
.257

:.%
.625
.W
.674
.m

R
.966
.977

i%!
L041
LN
L~

:%!

am
.Co3
.IM7
.m
.m
.010
.011
. 0L2
.013
.014
. 0L6
.017
.020
.025
.036
.066
.Cw
.105
.M6
.m
.3M
.K16
.655
,767

:E
.910
. 9h5

LCQ6
.io6

:E

o. lm
.162
.lm
.314
.249
.m
.276

%
..324
.wa
.321
.2s6
.361
.M?3
.440
.4E3
.622
.W
.&u
.762
.W1
.9M
. w

L027
LOL?
L~
L 102
L 111
L133

%
Ll!i3

o. C@.5
.074
.102
. Ml
.149
.174
. lm
.!233
.212
.214
.229
.m2
.267
.278
.310
.367
.297
.437
.fm
.678
.MJ1
. n6
.ma
.8.91
.911

:E
.691

L~
L046
LM
LW
LW
L687
LCb25

o.136
.144
.172
.m
.217
.!239
.264
.X@
.Z31
.m
.2s3
. Slo
.32.5
.346
.m

:%’
.6M
.bs

%
:T#

.340

it%
L061
L@12
LOJ2
L 117
L 116
L 132
L 120
L W
L 131I -

STATION 4

ajL-OJ&l
a.i.w iti

O.ml
.403

:Z
.45
. 4m
.493
.4W
.Mt3
.m
.611
.516
.527
. ma
.62U
.546
.m
.M’4
.6s4
.617
.wl
.wo
.723
.764
.&m
.898
.933
.971
.s90
.*
.6QS
.Pa7
.924

a176
. lW
.216
.236
.245
.m
.274
JaJ

.2s0

.304

.316

.231

.?32

.377

.42U

.4M

.629

..wa

.784

i%?
LW
L072
LC$Q
LIX17
Ll12
L 1CC3
L 103
L lM

0.39s
. 4L5
.439

am
.We
.m

a m
..118

.140

.183

.W

. ma

.!m

.Zm

.232

..’zn

.237

.246

.262

.247

.!m

.274

.!225

.2m

.m

.374

.414

.440

.m

.mo

.736

.846

it%
L6Q
L 071
LII19
L071
.W

\g
.!m
.219
.241
.246
.262
.276
.m
.282
.291
.207
.ZzB
.m
.&n
.2$3
.337
.3M
.3Q
.427
.46s
Am
.&n
.6%3
.78-5

i%
LOS
L 6m
L 169
L I@
L 103
.9ss

am
.697
.12a
.137
.143
. Im
.177
.169
.20.2
.216
.211
.22-0
.2bo
.276
.23s
.324
.367

:2
.470
. Ssl
.676
.054
.6m
. 7e4
.S71

i~
LOFS
LIM2
LIM2
LM8
L@32

0.146
.166
. lm
.B2

:Z
.!Z9
.248
.259
.m
.M.5
.2s0
.311
.32s

:%
.4a9
.442
.4ss
.626
.66$
.620

:E
.6U
.918

L@B
L077
L lIE
L 103
L 164
LMIS
L 164

0.2.93

XJ’
I

%
.4E7
; %4

.479

.4CJI

.m

. ml

:E
.ss9
.610
.533
.6M
.691
.m
.746
.fm
.s20
.865
.En3
.022

i%!
L~
L(J3I

i%!!

.W3

.IM’a
; ;$

. Ou

.013

.014

. OL5.6ZU

.016

.017

. Ols

.020

.Cr22

.026

.02a

.040

.C!s8
.720
.R43

.CKm

. w

.181

.3a3

. 46s

.em

.!M6ion
L(EA
LC@S
LW

.W6

%)
LfAM
L 71M
.705II
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TABLE I—Continued

STATION 5

&.o.&x

6.1.71 tn&e3

g.=12.a lbJsq.ft.

H
z

am
.CM
.076
.116
.134
. lea
.177
. lW
.204
.210
.Zm
.!22s
.736
.241
.2333
.29’4
.341
.390
. U6
.473
.519
..ss6
.694
.em
.3M
.!X9

i 24
LIMO
L046
LOS3
L(59
LIW

.—

&h u’

G
1
u.

CL@&

.134

.171

.169

.224

.222

.251

.261

.mfl

.270

.!238
:Z&

.326

.%54

.4as

.455

.481

.a42

.Sz?a

.852

.75’2

.?.42

.9!4

;E
L077
L094
L lIXI
L lW
L 113
L 116

u

Fs

0.204
.318
.348
.392
.413

:;
.476
.48a
.492
. 4Q6
.W3
.516
.azz
.a42
.55s

:%
.650
.m
.727
. 7eJ3

:%
.023
.956
.972
.M!J3
.692

it%
LW
L CKI1

6.107
.E12
.166
.191
. Zll

:Z
.263
.270
. 2s1
.2s9
.W2
.314
.340
.372
.417
.466
.49s
.Sa2
.6W
.W
.7F3
.s48

iE
LC07
L0S4
LC97
LC97
L K@
L 111
Ll12

ams
.Om
.W7
.m
.m
.010
. Ou
.012
.013
.014
.015
.016
.017
.020
.02a
.W

:E
.107
. Ma
.Za5
.3&5
.s05
.7M

i%
L~
LW
L405
LE.!5
L 7S6
2CBM
Zm

am
.136

:Hl
.237
.247
.m
.270

:E
.29a
.am

:%
.375

$$
.M7
.685
.em
.7ZI
.s?5
.924

ii%
.——.
LOW
L0J2
L IC5
L 107
L 166
L 102
L 104
L 164

am
.Im3
.037
.Cn3
.CQa
.010
.011
. Olz
.113
; f:f

.017

.OiQ

.U2s

.m

.W

.Cal

. IM

.165

.$03

.303

.m

.76s

i%

H%
L4CfI
LJYM
L 7s5
2cw
2E4B

STATION 6

a/L-o.aw
a. L084nchez

O.ma
.Wa
.W7
-m
.Cm
.010
. Olz
.013
.014
.015
.016
. Ols
.021
.025
.0s3
.Oaa
.IEa
. UM
. MS
.234
.s2s
.5M
.7M

i%!
LWS
LB)7
L@J.5
L im

it%
2&35

ala
.132
. ml
. lW
.2U
.231
.2a4
.!233

:2
.200
.209
.310
.320
.$57

:%
.490
.E36
.636
.Sbs
. 7aB
.344
.twl

i%%
L 031
L 091
LOM
L 116
L 116
L 119

R W Clg
.344
:g

:%
:% .W9

.010
.476 .011
.493 . on
. 4m .013
.608 .014
.am .016
. 5X6 .017

.O%l
:E .626
. a74 S&
. em
.m .C@3

.107
:% . la7
.na .209
. 7MI .20.5
.32a
.ws . :%
.W1
.938 i?%

L3.5S
:&% 1.455
.9s3 1.657
.Rm
.’K17 H&!

2CIM
iE 2tn5

0.033 : ;g a309
.046 .ml
.Qs3 .136 . 3bl
.0%3 . la .3%3
.U3 . 13% .421
.141 .214 .=
. lIM ;% . 4a3
.171 .467
. 1s5 .2-57 .4W
.193 .Xa .469
.m .273 .490
.an Jz&l
.ZM :%
.248 .323 . a40
.274 .348
.315 .389 :%’
:% .439 .S2e

.466
.472 .aao :%
.EJm .ss4 :g
.a43 .623
.m . 74a .818
. 7a3 A& .861
.s33 . SQl
.916 .941
.ws ]: ~ :O&

+.!& 1:101 . w
1.044 L 110
1. m L 116 1:RI
1. 0s1 LI17
L 034 1,12$ %

M&5

.(M7

.C@3

.aca

.010

.011

. Olz

.013

.014

.015

.017

.Om

.025

:E
.@d
. loa
.ms
.m
.366
.BM
.766

iE

w
L@35
L m

w
2m

ala :&7
.140
.155 .m
. 19a .416
.Zn .443
.Zm . 4al
.349 .470

.433
:% .493

.m
:2 .&w
.31U .am
.317

:H
:= .m
:%

:=
.55-7

:% :%
.em
.W .769

.m
:E .S71

i%! :%
L&& .m
LC&9 .W4
L 019
LDI i%
L12S LIWI
L124 .wo
L 132 L@M

,

STATION 7
alb 0.679

a-2.33 h12h69

r(LE

.m

.m

.ao

.010

.011
..012

.013

.014

.015

.017

D.107 azml
.117 .$M
.147 .362
.176 .396
.m .424
.224 .446
.m .458
.248 .467
.Z31 .478
.Xc2 .482

. 4Q4
-% . ml

Q.llo : g;

:; .28s
. l!al .413
. lW .421
.Zm .443
.232 .4a2
.216 .467
.257 .478
.265 fg
.272
.2s4 .M3

am
.03-6
.03i
.m
.m
.011
. on
.013
.014
.016
.018
.Om

&cm
.m
. W7
.m
.C@
.010
.011
.012
.013
.014
.016
.017

:F31J ~&6

.lm .236

. la7 .376

.184 . 4oa

.192 .417

.211

..225 :%

.232 .460

.242 .467

. Zal .476

.Zn .487
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TABLE I—Contiiued

STATION 7—Continued

q.=19.o Ib./s4. ft.I Av8ras0 q.-25.6 lb.h ft. g.-l26lb~. ft.

T
H

fxlv%
~

F. Q.

o.021 a211 0.224
.m .3M

i% .253 .323
.3W .374

:E .341 .416
.Iw .366 .441
.166 .423 .m
.209 .4eJ
.406 .Sn :%
.em .OM .742

; ~6 .847
i~
L6M i E
L6JM :E
L7Q5 %

i!% L(@9
2% L 647 Ll13
2406 LOE8 L123
!1706 I.(E43 L124
&@16 LCKC2 LlZ6

u
iii

A
!7.

a202
.930
. w.
.423
.469
.497
.6EM
.9435
.764
.861
. 9E3

L029
L 043
L073

:?%
L 125
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